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EvolutionIn the mouse, the Otx2 gene has been shown to play essential roles in the visceral endoderm during anterior–
posterior axis formation and head induction. While these are primary processes in vertebrate embryogen-
esis, the visceral endoderm is a tissue unique to mammals. Two enhancers (VE and CM) have been
previously found to direct Otx2 expression during early embryogenesis. This study demonstrates that in
anterior visceral endoderm the CM enhancer does not have an activity by itself, but enhances the activity of
the VE enhancer. These two enhancers also cooperate for the activities in anterior mesendoderm and
cephalic mesenchyme. Comparative studies suggest that VE enhancer function was most likely established
before the divergence of sarcopterygians into Actinistia, Dipnoi and tetrapods, while the nucleotide sequence
corresponding to the VE enhancer was already present in the last common ancestor of bony ﬁshes. The CM
enhancer sequence and function would have been also established in ancestral sarcopterygians. The VE/CM
enhancers and their gene cascades in the ancestral sarcopterygian head organizer would then have been co-
opted by amphibian deep endoderm cells and mammalian visceral endoderm cells for the head
development..
rk.
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The head is a structure that is formed in the most anterior part of
the body, and its development starts with the formation of the
anterior–posterior (A–P) axis. In the mouse, the A–P axis is initially
formed along the distal–proximal axis at E5.5 with the differentiation
of distal visceral endoderm (DVE) cells that express a series of head
organizer genes including Otx2. Concomitantly, the expression of
trunk organizer genes, such as Wnt3 and Fgf8, localizes the proximal
epiblast (Beddington and Robertson, 1999; Kimura et al., 2001).
Subsequently, and prior to gastrulation, DVE cells move to the future
anterior site to generate the anterior visceral endoderm (AVE);
simultaneously, the expression of trunk organizer genes shifts to the
future posterior epiblast. This axis rotation establishes the ﬁnal A–P
axis inmouse embryos. In DVE cells, the Otx2 gene is essential for their
anterior movement; in Otx2 mutants the DVE cells do not move even
at E6.5, and an Otx2 transgene under a visceral endoderm enhancer
restores their anterior movement (Kimura et al., 2000; Kimura-
Yoshida et al., 2005). The co-culture of epiblast and visceral endoderm
cells has demonstrated that in the AVE the Otx2 gene functions to
suppress the expression of posterior genes (e.g., Brachury) in theadjacent epiblast, allowing for its development into the anterior
neuroectoderm (Kimura et al., 2000). Therefore, Otx2 plays an
essential role in the mouse visceral endoderm during the formation
of the A–P axis and head induction.
We previously identiﬁed the enhancers that control the Otx2
expression in the visceral endoderm (VE enhancer) and cephalic
mesenchyme (the CM enhancer) at 594–543 and 884–835 bases
upstream of the translation start site, respectively (Matsuo et al.,
1995; Kimura et al., 1997; Kimura-Yoshida et al., 2007; throughout
this paper, +1 is the ‘A’ of the translational initiation codon). The VE
enhancer is regulated by FOXA2, and OTX2 has been suggested to
cooperate with LIM1 and FOXA2 (Nakano et al., 2000; Jin et al., 2001;
Kinder et al., 2001; Kimura-Yoshida et al., 2007) to direct the
expression of mDkk1 encoding a Wnt antagonist (Kimura-Yoshida
et al., 2005) and mShisa encoding a Wnt and FGF antagonist
(Furushima et al., 2007). Following the establishment of the ﬁnal A–
P axis, the primitive streak forms in the posterior epiblast, and the
anterior mesendoderm (AME) that is generated in the early streak
plays a vital role in maintaining the anterior neuroectoderm induced
by the AVE (Ang et al., 1994; Kimura et al., 2000). Otx2 is also
expressed in this tissue.
The AME is a tissue that is conserved throughout vertebrates and
has been viewed as a key tissue in anterior neuroectodermal
development (Niehrs, 1999; Fraser and Stern, 2004). In contrast, the
visceral endoderm is a tissue formed uniquely in mammals, which
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to be homologous to the mammalian visceral endoderm, but no
homologous structure is apparent in Xenopus. The formation of the A–
P axis and head induction are primary processes during vertebrate
embryogenesis. A question is why and how these primary processes
evolved to be carried by the visceral endoderm, an evolutionarily
recent tissue in mammals. One approach to answer this question is to
examine the evolutionary origin of the enhancer of a gene such as
Otx2 that plays an essential role in mouse DVE and AVE, and to
identify the anatomic site where the enhancer and its corresponding
gene cascade is active in lower vertebrates.
In this study we demonstrate that in AVE the CM enhancer does
not have an activity by itself, but enhances the activity of the VE
enhancer. These two enhancers also cooperate for the activities in
anterior mesendoderm and cephalic mesenchyme. Based on a
comparative analysis of the enhancers in a variety of vertebrates,
we propose that the nucleotide sequence corresponding to the VE
enhancer was already present in the last common ancestor of bony
ﬁshes, but the enhancer function was not established in the ancestor.
The CM enhancer sequence and VE and CM enhancer functions would
have been established in ancestral sarcopterygians for the use of Otx2
as the head organizer gene. The VE/CM enhancers, and their gene
cascades, in the ancestral sarcopterygian would then have been co-
opted by the mammalian visceral endoderm for the formation of the
A–P axis and head induction. This study supports the idea that the
deep endoderm cells adjacent to Spemann's organizer in Xenopus are
homologous to the AVE in mammals (Beddington and Robertson,
1999; Jones et al., 1999).
Materials and methods
DNA constructs
The chicken (Gallus gallus), Xenopus (Xenopus Tropicalis), coela-
canth (Latimeria menadoensis), Polypterus (Polypterus senegalus),
skate (Raja eglanteria) and zebraﬁsh (Danio rerio) Otx2 and lamprey
(Petromyzon marinus) OtxA promoter α1 regions were isolated from
BAC clones using PCR. The Polypterus, skate, coelacanth and lamprey
BAC libraries were kindly provided by Dr. Chris Amemiya (Genome
Resource Center, Benaroya Research Institute at Virginia Mason,
Seattle; Kurokawa et al., 2006). The other BAC clones containing Otx2
were purchased from the BACPAC Resources Center (Children's
Hospital Oakland Research Institute, Oakland). The soft-shelled turtle
(Pelodiscus sinensis) α1 region was isolated from genomic DNA using
a GenomeWalker Kit (Clontech) and PCR. The sequences of Otx2 and
OtxA α1 promoter regions are deposited in GenBank under the
following accession numbers: soft-shelled turtle, AB543247; coela-
canth, AB543248; Polypterus, AB543249; skate, AB543250 and
lamprey, AB543252. The primers used to isolate the genomic
sequences and the sizes of the products are listed in Supplementary
Table S1. Each Otx2α1 region isolated by PCRwas fused to Egfp or LacZ
reporter genes as described previously (Kurokawa et al., 2006). In the
enhancer assay using zebraﬁsh eggs, reporter DNA cassettes were
inserted between the BglII and XhoI sites of pT2AL200R150 as
described by Kawakami et al. (2004) and Urasaki et al. (2006). All
mouse Otx2 constructs were constructed using VEcis-LacZ (Kimura-
Yoshida et al., 2007). The sequence information on the fugu genome in
Fig. 2 is that of Takifugu rubripes.
Transgenic animals
Transgenic mouse embryos were generated, and β-Gal expression
was determined as described by Kurokawa et al. (2006). The enhancer
activity of each construct was determined by the transient assay at
E6.5–E9.5 after the injection into zygotes and the transplantation of
the zygotes into foster mothers; no transgenic mouse lines wereestablished that allow the determination of the integration site and
copy number. To minimize the effects of the integration site and copy
number, transgenic embryos were generated on each construct until
the same pattern of β-Gal expression was seen in more than three
cases; more than ten transgenic embryos were generated when the
expression was weak or absent. The number of transgenic embryos
and β-Gal-positive embryos are indicated in each panel. Transgenic
ﬁsh were generated by injection of the reporter gene with tol2
transposon mRNA (Kawakami et al., 2004; Urasaki et al., 2006).
Transgenic Xenopus embryos were generated using the modiﬁed
sperm nuclear transplantation method (Ogino and Ochi, 2009).
In situ RNA hybridization
Whole mount in situ hybridizations were performed using
digoxigenin-UTP-labeled antisense RNA probes as described (Kur-
okawa et al., 2006; Suda et al., 2009). The Xenopus Otx2 and Lim1
probes were a kind gift of Dr. M. Taira (Tokyo University).
Results
Mouse VE and CM enhancers
The mouse Otx2 gene has four transcriptional start sites; however,
the most 3′ site, located at the ﬁrst coding exon (−208), is the most
abundantly used start site during early embryogenesis (Fossat et al.,
2005, Acampora et al., 2009; #1 in Supplementary Fig. S1). We have
previously demonstrated that a 1.8 kb (α1) region (VEcis; Kimura-
Yoshida et al., 2007; Kurokawa et al., 2006; Supplementary Fig. S1)
adjacent to this start site contains enhancer elements that allow for
the expression in the DVE at E5.5, the AVE at E6.5, the AME at E7.5 and
the CM at E8.5 (Fig. 1a–f; Table 1; Kimura et al., 1997, 2000; Kimura-
Yoshida et al., 2007). The α1 region of the human Otx2 locus also
exhibited similar enhancer activity in mouse embryos (Table 1, data
not shown).
A series of deletion constructs of the 1.8 kb α1 region were
generated as shown in Fig. 1w. They were conjugated to a lacZ reporter
gene, the conjugates were injected into the male pronuclei of mouse
zygotes, and the zygotes were transplanted into foster mothers. The
enhancer activity of each deletion construct in the AVE, AME and CM
was then determined by examining β-Gal expression at E6.5, E7.5 and
E8.5, respectively. If the same pattern of β-Gal expression was seen in
more than three cases, the expression pattern was considered
representative of the enhancer activity of the construct. The activity in
the visceral endodermwas lost by the deletion of a 51 bp sequence (VE
sequence) from −594 to −543 relative to the translational start site
(Fig. 1i, j; Supplementary Fig. S1; Kimura-Yoshida et al., 2007). The
deletion of this 51 bp sequence from the 1.8 kb α1 region (α1Δ51)
indeed abolished activity in the AVE (Fig. 1l). However, the activity of
the −594 to −1 sequence containing the VE enhancer was reduced
compared to that of the full-length α1 region (Fig. 1a, i), suggesting the
presence of sequences thatmodify the activity. The activity of the−884
to−1 sequencewas nearly the same as that of the full-lengthα1 region
(Fig. 1a, g), while the activity was reduced in the−835 to−1 sequence
(Fig. 1h). This suggests that the 49 bp sequence at −884 to −835
modiﬁes the VE enhancer activity. This 49 bp sequence did not have the
enhancer activity in the VE by itself in the absence of the VE sequence, as
demonstrated by the absence of the activity in the VE of embryos
carrying the α1Δ51 deletion construct (Fig. 1l). This 49 bp sequence is
the CM sequence we previously demonstrated to be responsible for
expression in the CM, and two core elements (A: TAAATCTG and B:
CTAATTA) in the CM sequence are essential for the enhancer activity in
the CM(Supplementary Fig. S1; Kimura et al., 1997). The deletion of this
CM sequence from the 1.8 kb α1 region (α1Δ49) did not abolish but
reduced the activity in the AVE (Fig. 1k).
Fig. 1. Enhancer activity of the 51 bp VE and 49 bp CM sequences. (a–f) β-Gal expression directed by theα1 region of themouse Otx2 gene in the AVE at E6.5 (a, b), in the AME at E7.5
(c, d) and in the CM at E8.5 (e) and E9.5 (f). We previously reported that panels (e) and (f) represent expression in cephalic neural crest cells at the migratory phase; the activity is
lost when the cells settle (Matsuo et al., 1995; Kimura et al., 1997). (g–l) β-Gal expression in the AVE at E6.5 directed by the mouse Otx2 (−884 to−1) fragment (g), the (−835 to
−1) fragment (h), the (−594 to−1) fragment (i), the (−543 to−1) fragment (j), the 1.8 kb α1 fragment that lacks the CM sequence (k) and the 1.8 kbα1 fragment that lacks the
VE sequence (l). (m–s) β-Gal expression in the AME at E7.5 directed by the (−884 to −1) fragment (m), the (−835 to −1) fragment (n), the (−594 to −1) fragment (o), the
(−543 to−1) fragment (p), the 1.8 kb α1 fragment that lacks the CM sequence (q), the 1.8 kb α1 fragment that lacks the VE sequence (r) and the 1.8 kb α1fragment that lacks the
CM and VE sequences (s). (t–v) β-Gal expression in the CM at E8.5 directed by the 1.8 kbα1 region that lacks the CM sequence (t), the 1.8 kbα1region that lacks the VE sequence (u)
and 1.8 kb α1 region that lacks the VE and CM sequences (v). (w) A schematic diagram of the constructs used for the above experiments. Panels (a), (e–l) and (t–v) show lateral
whole mount views (anterior is to the left). Panels (c) and (m–s) show frontal whole mount views, while panels (b) and (d) show horizontal and sagittal sections, respectively. The
number of β-Gal-positive embryos per total number of transgenic embryos generated is indicated in each panel. The arrowheads indicate weak activity in the AME (n, o, q, r) or CM
(u). The arrows indicate weak activity in the heart (f, t) (Kimura et al., 1997). Abbreviations: AME, anterior mesendoderm; ANE, anterior neuroectoderm; AVE, anterior visceral
endoderm; EP, epiblast.
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expression of Otx2 in the AME. The fragment from −884 to −1 had
nearly the same enhancer activity in the AME as that of the 1.8 kb α1
region (Fig. 1c, m). However, the AME activity of the fragment from
−835 to +1, which lacked the CM sequence, was greatly reduced(Fig. 1n), indicating that the CM sequence also has activity in the AME
at E7.5. The fragment from−594 to−1 retained the residual activity
in the AME (Fig. 1o), but the residual AME activity was completely lost
by the deletion of the VE sequence from−594 to−543 bp (Fig. 1p).
The deletion of the 51 bp VE sequence from the α1 region (α1Δ51)
Table 1
Summary of transgenic analysis of enhancer activities of vertebrate Otx2 α1 regions in
mouse embryosa.
Otx2 enhancer region E6.5 E7.5 E8.5
Mouse α1 10/21 4/11 10/16
Human α1 4/6 4/7 3/4
Chick α1 4/13b 5/9b 11/37c
Turtle α1 4/7 4/9 4/11
Xenopus α1 5/16 10/15 3/6
Coelacanth α1 0/15 6/13b 13/18d
Zebraﬁsh α1 0/12 0/16 0/7
Polypterus α1 0/11 0/10 0/7
Skate α1 0/12 0/17 0/15
a The number of βGal positive embryos in AVE (E6.5), AME (E7.5) and CM (E8.5) per
total number of transgenic embryos generated is indicated.
b Indicates faint or weak activities.
c Indicates activities in cephalic mesenchyme and anterior neuroectoderm.
d Indicates an activity in anterior neuroectoderm.
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signiﬁcant activity remained after the deletion of the 49 bp CM
sequence (α1Δ49) (Fig. 1q). The deletion of both CM and VE
sequences from the α1 region (α1Δ49Δ51) completely abolished
the enhancer activity in the AME (Fig. 1s).
We previously reported that the fragment from −884 to +1 had
nearly the same enhancer activity in the CM as that of the α1 region,
but the CM activity was lost following the deletion of the CM sequence
(−884 to−835) (Kimura et al., 1997). However, the CM activity was
reduced but signiﬁcantly remained even after the deletion of the CM
sequence from the α1 region (α1Δ49) (Fig. 1e, t). Moreover, the
deletion of the VE sequence from the α1 region (α1Δ51) resulted in a
great reduction in the CM enhancer activity (Fig. 1e, u). Deletion of the
CM sequence together with the VE sequence (α1Δ49Δ51 completely
abolished the activity in the CM) (Fig. 1v). Therefore, in theα1 region,
the VE sequence is responsible for the enhancer activity in the AVE,
and this activity is enhanced by the CM sequence. In addition, the VE
and CM sequences cooperate for the enhancer activities in the AME
and CM. The α1 region exhibited an enhancer activity in the heart
(arrows in Fig. 1f, t; Kimura et al., 1997), but no analysis was
conducted on the cardiac activity.
VE and CM enhancers in chicken and soft-shelled turtle
In the chickenα1 region, 46 bp of the 51 bp VE sequence and 41 bp
of the 49 bp CM sequence are conserved (Fig. 2), including the FOXA2
binding site in the VE domain and the core elements in the CM domain
(Fig. 2B, C). The chicken α1 region (−1270 to +1) exhibited activity
in the mouse AVE, as we previously reported (Kimura-Yoshida et al.,
2007), but the activity was fairly low in the mouse AVE and AME
(Fig. 3a–c; Table 1). At E8.5, theα1 region exhibited distinct activity in
the CM (Fig. 3d, e), and at E7.5 and E8.5, considerable activity was
observed in the anterior neuroectoderm (Fig. 3b–e). At E9.5 activity
was observed in a part of the diencephalon and the CM (Fig. 3f). When
the chicken VE sequence was used to replace the mouse VE sequence
in the mouse α1 region, the chimeric DNA exhibited distinct activity
in the mouse AVE (Fig. 3g), AME (Fig. 3h) and CM (Fig. 3i). Therefore,
there are sequences in the mouse and/or chicken α1 regions that
modify the enhancer activity of the chick VE sequence. The chimeric
DNA had no signiﬁcant activity in the anterior neuroectoderm. As this
study focused on activity in the AVE and AME, no further analysis was
performed on the chicken sequences responsible for the activity in the
anterior neuroectoderm. Due to technical difﬁculties, the activity of
the chicken α1 region in the chicken hypoblast could not be
determined, and this activity will be examined in future studies.
Future experiments in chicken embryos will also be required to
determine whether the chicken Otx2 α1 region indeed possesses
endogenous enhancer activity in the anterior neuroectoderm.After the anamniote/amniote divergence, the synapsid lineage that
eventually led to the mammals diverged from the main diapsid lineage
that subsequently split into reptilians, which are represented today by
turtles, tuataras, lizards and snake, crocodiles and avians (Iwabe et al.,
2005). As the divergence of the lineage leading to avians was last, the
enhancer activity of the chickenα1 regionmight have uniquely diverged
(see Discussion). Therefore, we examined how the VE/AME enhancer
activities are conserved in the α1 region of the soft-shelled turtle Otx2
locus. The α1 region of the turtle Otx2 gene (−2073 to −1) exhibited
distinct activity not only in themouse AME andCMbut also in themouse
AVE (Fig. 3j–o; Table 1). Of the 51 bp VE sequence, 48 bp are conserved
between themouse and thesoft-shelled turtle, and42 bpof the49 bpCM
sequence are conserved, including the FOXA2 binding site and one A and
two B core elements. In one A element (TAAATCTG) there is a two-base
change (TCAATCTC; Fig. 2C). In addition, deletion of the VE sequence
from the soft-shelled turtle α1 region abolished activity in the VE and
greatly diminished the activity in theAMEandCM(Fig. 3p–r), suggesting
that the soft-shelled turtle VE sequence is also responsible for the activity
in the AVE, AME and CM; the CM sequence may account for the residual
activity in the AME and CM. Therefore, we propose that the VE and CM
enhancers are conserved in the α1 regions of the Otx2 orthologs of the
mammalian and turtle lineages of amniotes. As this study focused on the
origin of the VE and CM enhancers, an examination of the α1 region in
lizard and crocodile Otx2 orthologs was not performed. Future studies
aim to determine how the enhancer activity diverged in amniotes.
VE and CM enhancers are conserved in Xenopus
Of the 51 bpVE sequence, 42 bases are conservedbetween themouse
and Xenopus Otx2 loci, and 41 bp of the 49 bp CM sequence are
conserved. The FOXA2 binding site in the VE sequence, one A core
element and two B core elements in the CM sequence are conserved in
the Xenopus Otx2 α1 region (Fig. 2). This α1 region (−1724 to −1)
exhibited activity in the mouse AVE at E6.5, the AME at E7.5 and the CM
at E8.5, although it also exhibited ectopic activity in the notochord
(Fig. 4Aa–e; Table 1). Furthermore, the deletion of the Xenopus VE
sequence abolished the activity in mouse AVE andmarkedly diminished
the activity in themouseAMEandCM(Fig. 4Af–h). The ectopic activity in
the notochord was greatly reduced by the deletion of the VE sequence.
However, the activity of theXenopusα1 region in themouseAVEwasnot
particularly robust when compared to that of the mouse α1 region
(compare Fig. 1a and Fig. 4Aa). When the VE sequence in the mouse α1
region was replaced with the Xenopus VE sequence, the resulting
construct exhibited distinct activity in the mouse AVE, AME and CM
(Fig. 4Ai–k); it had no activity in the notochord (Fig. 4Aj).
We next examined whether and where in Xenopus embryos the
Xenopus α1 region has activity. A reporter construct was developed,
with Egfp under the control of the Xenopus α1 region. Transgenic
Xenopus embryos were generated using the sperm nuclear transplan-
tation method as described, and Egfp expression was determined at
each stage (Ogino and Ochi, 2009). At stage 9.0 (late blastula),
endogenous XlOtx2 expression is not apparent in Xenopus embryos,
and the Xenopusα1 region exhibited no activity at this stage (data not
shown). With the onset of gastrulation, at stage 9.5, XlOtx2 is
expressed and at stage 10.5 (mid-gastrula) the expression becomes
more intense in the deep cells where Cerberus and Chordin are
expressed (Fig. 5A). The Xenopus α1 region exhibited distinct activity
at this site, which has been proposed as the head organizer in Xenopus
embryos (Fig. 5A; Bouwmeester et al., 1996; Jones et al., 1999;
Schneider and Mercola 1999; de Souza and Niehrs, 2000; Silva et al.,
2003). The expression of FoxA4, the Xenopus counterpart of mouse
Foxa2, the product of which directs the Otx2 VE enhancer (Ruiz i
Altaba and Jessell, 1992; Kimura-Yoshida et al., 2007); Lim1 and Foxa2,
the product of which may cooperate with OTX2 in the VE and AME
(Nakano et al., 2000); and dkk1 and shisa, which are directed by OTX2
in the VE and AME (Kimura-Yoshida et al., 2005; Furushima et al.,
Fig. 2. Conservation of the VE and CM sequences among vertebrate Otx2 orthologs. (A) A vista plot of each jawed vertebrate Otx2 and lamprey OtxA α1 region aligned against the
mouse α1 sequence. (B) The VE sequence in the vertebrate Otx2 genes. (C) The CM sequence in the sarcopterygian Otx2 genes. The numbers give the location of the sequences
upstream of the Otx2 genes; the numbers in parenthesis show the percentage of the nucleotides identical to the mouse sequences. Sequences weakly conserved in skate do not
overlap with the 51 bp VE sequence.
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cells (Fig. 6). At stage 13–14 (early neurula), XlOtx2 is expressed in the
cement gland primordium, the prechordal plate and the anterior
notochord. The Xenopus α1 region also exhibited activity at these
sites, but it also had ectopic activity in the notochord of Xenopus
embryos (Fig. 5A; Hirsch et al., 2002); there must be sequences in the
Xenopus genome, other than the α1 region, that silence this activity of
the Xenopus α1 region.
α1 enhancer activity in ﬁsh
The above results suggest that the VE enhancer and its gene cascade
in the ancestral tetrapod were retained throughout the tetrapod stem
group and are used in themouse visceral endoderm for the formation ofthe A–P axis and head induction. To determine its evolutionary origin,
the activity of the Otx2 α1 region in the coelacanth was examined. The
coelacanth Otx2 α1 region (−2350 to −1) exhibited weak activity in
the mouse AME and no activity in the mouse AVE or CM (Fig. 4Ba–d;
Table 1). In the 51 bp VE sequence, 41 bp are conserved between the
mouse and coelacanth. There is a two-base difference in the FOXA2
binding site between the mouse (TTATTTATTTA) and the coelacanth
(TCGTTTATTTA) VE sequence (Fig. 2B). In the 49 bp CM sequence, only
33 bp are conserved (Fig. 2C). The deletion of theVE sequence abolished
the weak enhancer activity of the coelacanth α1 region in the mouse
AME (Fig. 4Be). The coelacanthα1 region also exhibited distinct activity
in the most rostral part of the mouse anterior neuroectoderm (Fig. 4Bc,
d); this activity was also lost following the deletion of the VE sequence
(Fig. 4Bf). However, the coelacanth VE sequence did exhibit activity in
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sequence in the mouse α1 region (Fig. 4Bg–j). The chimeric construct
also had activity in the anterior neuroectoderm (Fig. 4Bj). Furthermore,
the coelacanth α1 region exhibited activity in the deep endoderm cells
of Xenopus embryos and in the dorsal margin of zebraﬁsh late blastula
embryoswhen Egfp under the control of theα1 regionwas injected into
fertilized eggs (Fig. 5Ba, b; Ogino andOchi, 2009; Kurokawa et al., 2006).
The coelacanthα1 region did not exhibit an apparent activity inXenopus
or zebraﬁsh anterior neuroectoderm (data not shown).Bony ﬁshes diverged into Actinopterygii, which led to teleosts, and
Sarcopterygii, which led to tetrapods. The coelacanth diverged in the
stem of the sarcopterygian lineage. In contrast, Polypterus is the
earliest extant diverged animal in the actinopterygian lineage. In the
51 bp VE sequence, 38 bp are conserved between the mouse and
Polypterus; however, there is a three-base difference between the
mouse FOXA2 binding site (TTATTTATTTA) and the Polypterus site
(GTATTTATCTG) (Fig. 2B). In the CM domain the sequence is not
conserved (Fig. 2A). The Polypterus α1 region (−3115 to−1) did not
have any activity in the mouse AVE, AME or CM (Table 1). Moreover,
the Polypterusα1 region had no activity in Xenopus embryos (data not
shown). Its activity was also not apparent in zebraﬁsh dorsal margin
or shield; it had leaky activity with high background. The construct
containing the Polypterus VE sequence in the context of the mouse α1
region also resulted in leaky expression in mouse embryos. The
evolution of cartilaginous ﬁsh preceded that of bony ﬁsh. There is no
conserved VE or CM sequence in the skate Otx2 (ReOtx2) α1 region
(−1647 to−1), though there is a domain weakly conserved between
mouse and skate at the 3′ side of the VE sequence (Fig. 2A). The skate
α1 region did not exhibit any activity in mouse embryos (Table 1). In
the agnatha lamprey, OtxA is the most plausible Otx2 ortholog (Suda
et al., 2009); however, there are no conserved VE or CM sequences in
the OtxA α1 region (Fig. 2A).
Teleosts have radiated most diversely in the extant actinopter-
ygians. In zebraﬁsh, Otx2 (DrOtx2) is not expressed in organizer
tissues, either in the dorsal margin at the late blastula stage or in the
shield at the gastrula stage (Li et al., 1994; Suda et al., 2009). It is
expressed in the AME at the 60–80% epiboly stage. The DrOtx2 α1
region (−1133 to −1) conserves the VE sequence only weakly and
does not conserve the CM sequence. It did not have activity in either
the mouse AVE, AME or CM (Table 1). The DrOtx2 α1 region also had
no activity in either the zebraﬁsh dorsal margin, shield or AME at the
early somite stage (data not shown). Nevertheless, the mouse 1.8 kb
α1 was active in the zebraﬁsh dorsal margin at the late blastula stage,
in the shield at gastrula stage and in the AME at the early somite stage
(Fig. 5Ca, b). Neither VE nor CM sequence is conserved in the fugu and
medaka Otx2 orthologs (Fig. 2A).Discussion
We aimed to determine how and why the formation of the A–P
axis and head induction, two primary processes in embryogenesis, are
carried by the visceral endoderm in mouse: a tissue unique to
mammals. We have examined this question by determining the
evolutionary origin of the Otx2 enhancer, which plays an essential role
in the mouse embryogenesis, and identifying the anatomic sites
where the enhancer is active in lower vertebrates. The results suggest
that the VE and CM enhancer functions would have been established
in an ancestral sarcopterygian for the use of Otx2 in the head
organizer. The deep endodermal cells adjacent to Spemann'sFig. 3. Enhancer activity of the α1 region of amniote Otx2 genes. β-Gal expression
directed by the chicken α1 region (a–f), the mouse α1 region in which the VE sequence
is replaced with the chicken VE sequence (g–i), the soft-shelled turtle α1 region (j–o)
and the soft-shelled turtle α1 region that lacks the VE sequence(p–r) in the mouse AVE
at E6.5 (a, g, j, k and p); themouse AME at E7.5 (b, c, h, l, m and q); and themouse CM at
E8.5 (d, i, n and r), E8.75 (e) and at E9.5 (f and o). Panels (a), (b), (d), (f), (g–j), (l) and
(n–r) show whole mount views. Panels (c) and (m) show sagittal sections, and panels
(e) and (k) show horizontal sections. Panel (a), (d), (f), (g), (i), (j), (n–p) and (r) show
lateral views and panels (b), (h), (l) and (q) show frontal views. Anterior is to the left in
panels (a), (c), (d), (f), (g), (i), (j), (k), (m–p) and (r) and to the top in panels (b), (e),
(h), (l) and (q). The arrowheads indicate faint expression in the AVE in panel (a), the
distinct expression in the anterior neuroectoderm in panels (c) and (e), weak
expression in the diencephalon in panel (f) and no expression in the anterior
neuroectoderm in panel (h). The arrows indicate weak expression in the AME in panels
(c) and (q) and in the CM in panel (r), the expression in the CM in panels (e) and (f), in
the AME in panel (h) and in heart in panels (n) and (o), respectively. Abbreviation: CM,
cephalic mesenchyme.
Fig. 4. Enhancer activity ofXenopus and coelacanthOtx2α1 regions. (A) The enhancer activity of the Xenopusα1 region. Panels (a–e) show the activity of theXenopusα1 region. Panels (f–
h) show the activity of the Xenopusα1 region lacking the VE sequence. Panels (i–k) show the activity of themouseα1 region inwhich the VE sequencewas replacedwith the Xenopus VE
sequence. Panels (a), (f) and (i) showβ-Gal expression in themouseAVEatE6.5. Panels (b), (c), (g) and (j) showβ-Gal expression in theAMEatE7.5. Panels (d, h andk)and (e) showβ-Gal
expression in the CMat E8.5 and E9.5, respectively. Panels (a), (b) and (d–k) showwholemount views,while panel (c) shows a sagittal section. Panels (a), (d–f), (h), (i) and (k) are lateral
views andpanels (b), (g) and (j) are frontal views. Anterior is to the left in panels (a), (c–f), (h), (i) and (k) and at the top in (b), (g) and (j). The arrowheads indicateweak expression in the
AME in panel (g) and in the CM in panel (h). (B) The enhancer activity of the coelacanthα1 region. Panels (a–d) show the activity of the coelacanthα1 region. Panels (e) and (f) show the
activity of the coelacanth α1 region that lacks the VE sequence. Panels (g–j) show the activity of the mouse α1 region in which the VE sequence was replaced with the coelacanth VE
sequence. Panels (a) and (g) showβ-Gal expression in themouseAVE at E6.5. Panels (b), (e) and (h) showβ-Gal expression in theAME at E7.5, andpanels (c), (d) (f) (i) and (j) showβ-Gal
expression at E8.5. Panels (a–c) and (e–i) showwholemount views, and panels (d) and (j) show frontal sections at the level indicated by the line in panels (c) and (i), respectively. Panels
(a), (c), (f) (g) and (i) show lateral views, and panels (b), (e) and (h) show frontal views. Anterior is to the left in panels (a), (c), (f), (g) and (i) and at the top in panels (b), (e) and (h). The
arrowheads indicate weak expression in the AME in panel (b) and the distinct expression in the CM in panel (j). The arrows indicate the expression in themost anterior neuroectoderm in
(c), (d) and (j).
116 D. Kurokawa et al. / Developmental Biology 342 (2010) 110–120organizer in Xenopus have been suggested to be the head organizer
homologous to the AVE cells in mammals (Beddington and Robertson,
1999; Jones et al., 1999), and our study supports this hypothesis
(Knoetgen et al., 1999; de Souza and Niehrs, 2000; Albazerchi and
Stern, 2006). The VE/CM enhancers and their gene cascades in the
ancestral sarcopterygian would then have been used in the mamma-
lian visceral endoderm for the formation of the A–P axis and head
induction.Mouse VE and CM enhancers
This study demonstrated that the 51 bp VE sequence is responsible
for activity in the VE in the Otx2 α1 region, and this activity is
enhanced by the 49 bp CM sequence. The VE and CM sequences also
cooperate for the activity in the AME and CM. A critical question in this
study is whether the VE enhancer indeed plays an essential role in
Otx2 expression in the visceral endoderm. An Otx2 cDNA transgene
117D. Kurokawa et al. / Developmental Biology 342 (2010) 110–120under the control of the VE enhancer restores the VE defects in Otx2
null mutants. We have surveyed a 290 kb genomic region, from
170 kb upstream to 120 kb downstream, but were not able to ﬁnd
another sequence that had enhancer activity in the visceral endoderm
(Kurokawa et al., 2004a,b; our unpublished result). Therefore, we
considered that the Otx2 expression in the visceral endoderm is
directed by the VE enhancer. While this can be directly conﬁrmed by
generating a mouse mutant in which the VE sequence is deleted, our
effort to generate this model was unsuccessful because of unexpectedhomologous recombination following the VE sequence targeting in ES
cells. Fortunately, however, Acampora et al. (2009) recently described
a mouse mutant with a 700 bp deletion in the α1 region, from−897
to −194, which includes both the CM (−884 to −835) and VE
(−594 to−543) sequences (Supplementary Fig. S1). Thismutant lost
most of the Otx2 expression in the visceral endoderm and exhibited
VE defects similar to Otx2 null mutants. As Acampora et al. also
identiﬁed a new transcriptional start site at −687, in addition to the
−208 site, they ascribed the loss of Otx2 expression in the visceral
endoderm to the loss of these two Otx2 isoforms. In total, there are
four Oxt2 isoforms that have different 5′ UTRs with the same coding
region, and the presence or absence of speciﬁc Otx2 isoforms in the
AVE and AME cells is controversial (Fossat et al., 2005; Acampora
et al., 2009). In contrast to Acampora et al., we believe that the defects
they observed in their mutant mouse are due to the loss of the VE and
CM enhancers. This interpretation will be most clearly demonstrated
by the generation of a mouse mutant that speciﬁcally lacks the 51 bp
VE sequence.
FOXA2 is the only factor that has been shown to regulate the VE
enhancer; however, other unidentiﬁed upstream factors that regulate
the VE enhancer should exist. Upstream factors that regulate the CM
enhancer are also not identiﬁed. Questions remain as to how the CM
enhancer activates the VE enhancer in AVE and cooperates with the
VE enhancer for the activity in AME and CM, whether the same
combination of upstream factors regulates VE and CM enhancers in
VE, AME and CM or how they are different among the three tissues.The origin of VE enhancer
The VE sequence is not conserved in the lamprey OtxA or skate
Otx2 gene; sequences weakly conserved betweenmouse and skateα1
regions are at the 3′ outside of the VE domain (Fig. 2A). The VE
sequence would not have been established in an ancestral gnathos-
tome, though the possibility cannot be excluded that the VE sequence
originated in an early gnathostome ancestor and extensively diverged
in cartilaginous ﬁshes. The VE sequence is conserved in Polypterus,
suggesting that the nucleotide sequence corresponding to the VE
enhancer was already present in the last common ancestor of bony
ﬁshes. We propose that the VE sequence acquired VE enhancer
activity before the divergence of ancestral sarcopterygians into
Actinistia, Dipnoi and tetrapods. We examined this question primarily
using transgenic studies in mouse embryos. However, in the assay
with a heterologous animal or mouse it is difﬁcult to detect enhancer
activity modiﬁed uniquely to each lineage. The enhancer activity of
the Xenopus α1 region was indeed weak in the mouse AVE. However,
the XenopusVE sequence placed in the context of themouseα1 region
demonstrated signiﬁcant activity in the mouse AVE. Moreover, the
Xenopus α1 region had distinct activity in Cerberus and Chordin-Fig. 5. Enhancer activity of the Xenopus, coelacanth and mouse Otx2 α1 regions in
Xenopus and zebraﬁsh embryos. (A) The enhancer activity of the Xenopus α1 region in
Xenopus embryos. Panels (a), (c), (f), (i) and (k) show Egfp mRNA expression directed
by the Xenopus α1 region. Panels (b), (d), (g), (j) and (l) show the endogenous Otx2
expression, and panels (e) and (h) show expression of Cerberus and Chordin. Panels (a–
e) are from stage 9.5 (early gastrula) embryos. Panels (f–h) are from stage 10.5 (mid-
gastrula) embryos, and panels (i–l) are from stage 14 (neurula). Panels (a), (b), (i) and
(j) show whole mount dorsal views, and panels (c–h) show hemi-sections. Panels (d
and e) and (g and h) are counterparts of the same embryos. Panels (k) and (l) are
sagittal sections at the level indicated by the dotted lines in (i) and (j), respectively.
Anterior is at the top. The arrowhead in panel (i) indicates ectopic activity in the
notochord. (B) Enhancer activity of the coelacanth α1 region. Egfp mRNA expression
directed by the coelacanth α1 region in stage 10.5 Xenopus (a) and shield-stage
zebraﬁsh (b) embryos. Panel (a) shows a hemi-section, and panel (b) shows lateral
whole mount views. Anterior is at the top. (C) The enhancer activity of the mouse α1
region in zebraﬁsh embryos. Egfp mRNA expression at the shield (a) and early somite
stages (b). Panel (a) shows a lateral view, and panel (b) shows a dorsal whole mount
view. Anterior is at the top. The arrows indicate the expression in the shield (a) and
AME including the polster (b).
Fig. 6. A comparison of the expression sites of the genes in the Otx2 gene cascade in the mouse visceral endoderm in Xenopus gastrula embryos. (A) Xlim-1 (B) FoxA4 (C) Dkk1 (D)
Shisa. Each embryo was sagitally hemi-sectioned, and one half was hybridized for Otx2 and the other half for each gene.
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endogenously expressed. The expression of FoxA4, the product of
which mouse counterpart, Foxa2, directs the mouse Otx2 VE enhancer
(Ruiz i Altaba and Jessell, 1992; Kimura-Yoshida et al., 2007), Lim1 and
FoxA4, the product of which mouse counterparts may cooperate with
OTX2 in the mouse VE and AME (Nakano et al., 2000), and dkk1 and
shisa, which are directed by OTX2 in the mouse VE and AME
(Furushima et al., 2007; Kimura-Yoshida et al., 2005), all overlap
with the expression of Otx2 in the Xenopus deep endodermal cells.
Therefore, we conclude that the VE enhancer and its gene cascade are
conserved in Xenopus. The coelacanth α1 region did not exhibit
activity in the mouse AVE. However, it exhibited activity in the deep
endodermal cells of Xenopus embryos and in the dorsal margin of late
blastula zebraﬁsh embryos. In addition, the coelacanth VE sequence
placed in the context of the mouse α1 region exhibited activity in themouse AVE. The activity of the coelacanth α1 region cannot be
conﬁrmed in coelacanth or lungﬁsh embryos, but we propose that this
region conserves the enhancer that is homologous to the tetrapod VE
enhancer and that this diverged uniquely in this lineage.
The activity of the coelacanth and Xenopus VE sequences was
weaker than that of the mouse VE sequence in the mouse AVE and
AME, even in the context of themouseα1 region. Alterations in the VE
sequences in these animals suggest the unique divergence of
upstream factors. In addition, the activity of the VE enhancer is
modulated by the CM sequences. The activity level of theα1 regions in
the mouse AVE correlated with the extent of the conservation of the
CM sequences: the activity of the chicken and coelacanth α1 region is
low, and non-sarcopterygian α1 regions that lack the conserved CM
sequences never exhibited activity in the mouse AVE (Fig. 2, Table 1).
The VE and CM sequences are the only sequences that are conserved
119D. Kurokawa et al. / Developmental Biology 342 (2010) 110–120among the vertebrate α1 regions (Fig. 2; Supplementary Fig. S2). It is
also possible that each sarcopterygian lineage developed unique
sequences to modulate its VE enhancer.
We have previously proposed that in the ancestral sarcopterygian,
vegetal blastomeres would have been extraembryonic yolk cells, as is
true in extant bichir and lamprey embryos (Takeuchi et al., 2009).
Evolutionally they would have fused to yield the giant yolk cell seen in
reptiles and avians, while amphibians would have secondarily
incorporated them into the embryonic endoderm. Therefore, we
believe that the VE enhancer and its gene cascade would have been
established in a population of extraembryonic yolk blastomeres in an
ancestral sarcopterygian and that this population is homologous to
the deep endodermal cells in amphibians, the hypoblast in reptiles/
avians and the DVE/AVE cells in mammals.
Divergence of the VE enhancer in avians
The soft-shelled turtle Otx2α1 region exhibited enhancer activity at
almost the same level as the mouse α1 region. In contrast, the chicken
α1 region exhibited very weak activity in the mouse AVE and AME. Its
VE sequence is less conserved than the turtle sequence, and the CM
sequence is poorly conserved at the coelacanth level. Avians evolved
from a distantly diverged reptile group, and the α1 enhancers might
have diverged uniquely in this lineage. This might correlate with the
apparent difference in the formation of the A–P axis that has been
observed between the mouse and the chicken. Prior to gastrulation in
chicken embryos, Otx2 and other head organizer genes are expressed
over the entire hypoblast underlying the epiblast; their expression in
the hypoblast is not conﬁned to a unique point such as the DVE or AVE
(Foley et al., 2000; Chapman et al., 2002). BMP7 is expressed in the
epiblast of the area opaca, but no trunk organizer genes such as Fgf8 and
Wnt3 are expressed in chicken embryos at the prestreak stage.
Following primitive streak formation, Otx2 expression is lost in the
posterior hypoblast, and when the streak is maximally extended, the
expression disappears from the entire hypoblast. Subsequently, Otx2 is
expressed in the AME from the primitive streak and in the anterior
neuroectoderm overlying the AME, as in mouse embryos (Bally-Cuif
et al., 1995; our unpublished data). Fgf8 and Wnt3a expression takes
place in the primitive streak (Chapman et al., 2002). Mouse VE and
chicken hypoblast would have different roles in head induction
(Knoetgen et al., 1999, 2000; Foley et al., 2000; de Souza and Niehrs.
2000; Albazerchi and Stern, 2006). Rodent embryos are uniquely
deformed into an egg cylinder shape, but most mammalian, avian and
reptile embryos are disk-shaped (Eakin and Behringer, 2004). The
divergence of the A–P axis formation and VE enhancers in reptiles, such
as the soft-shelled turtle, gecko and crocodile, as well as those in disk-
shaped mammalian embryos should be examined in future studies
(Gilland and Burke, 2004; Coolen et al., 2008).
Divergence of Otx2 usage in teleosts
We conclude that the zebraﬁsh α1 region does not have any
enhancer activity during head induction. It exhibited no activity in the
mouse AVE or AME nor in the zebraﬁsh dorsal margin, shield or AME.
The mouse α1 region was, however, active in zebraﬁsh dorsal margin,
shield and AME. Though the present analysis cannot exclude the
possibility that the mouse α1 region is activated in these zebraﬁsh
tissues by sequences other than VE and CM sequences, it is most
probable that factors homologous to the upstream factors of mouse VE
and CM enhancers are present in the zebraﬁsh tissues; indeed Foxa2 is
expressed in them. The loss of the enhancer activity in zebraﬁsh α1
regionmay be attributed to changes in its sequence. The VE sequence is
conserved, though weakly, in zebraﬁsh, suggesting its presence in the
ancestral teleost. However, the VE sequence was lost with teleost
radiation, as suggested by the absence of the VE sequences in the
medaka and fuguα1 regions; in teleosts zebraﬁsh diverged early, whilemedaka and fugu later. The CM sequence was not conserved in teleosts.
Otx2 orthologs are not expressed in the early organizer tissues of the
teleost; instead, Otx1 orthologs are expressed in these tissues (Li et al.,
1994; Sudaet al., 2009). TheOtx2 andOtx1geneproducts are considered
functionally equivalent (Suda et al., 1999; Acampora et al., 2001, 2003),
and Otx1 orthologs might have functions similar to those of Otx2
orthologs in tetrapods. However, no VE or CM sequences exist in the
zebraﬁsh, fugu or medaka Otx1 genomes, and the function of Otx1 in
organizer tissues has not been demonstrated in teleosts (Foucher et al.,
2006; our unpublished results). There could be critical differences in the
functional role of organizer tissues between teleosts and tetrapods. The
concept of the head organizer has not been established experimentally
in teleosts (Fekany et al., 1999; Chen and Kimelman, 2000); it is still
unclear how the mechanisms underlying A–P axis formation and head
induction in tetrapods and teleosts are similar or different.Otx2 enhancers in Polypterus, skate and lamprey
The VE sequence, but not the CM sequence, has been moderately
conserved in Polypterus, and the Polypterus α1 region did not exhibit
activity in the mouse AVE or AME or in the Xenopus embryos. This
suggests that the α1 region does not have the enhancer activity
homologous to the tetrapod VE enhancer. However, the Polypterus α1
region has a sequence that resulted in leaky expression with high
background in zebraﬁsh embryos. This was also true when the activity
of its VE sequence was examined in the mouse AVE and AME by
placing it in the context of the mouse α1 region. An examination of
the enhancer activity of the Polypterus α1 region in Polypterus
embryos (Takeuchi et al., 2009) is indispensable to conclusively
determine if the ancestral VE enhancer in the α1 region was
established in ancestral sarcopterygian or bony ﬁsh.
Of note, the Polypterus, dogﬁsh, skate and lamprey Otx2 orthologs
are expressed in their putative organizer tissues (Coolen et al., 2007;
Suda et al., 2009). However, neither the VE sequence nor the CM
sequence is conserved in the skateOtx2 or lamprey OtxAα1 region; no
domain is conserved in Otx2 α1 region among these animals
(Supplementary Fig. S2). These animals may have enhancers
somewhere other than the α1 region that would allow for Otx2
expression in organizer tissues. However, based on the currently
available genomic data, no conserved domain is found in the Otx2 loci
of these animals (data not shown). It is critical to identify the
enhancers, especially in Polypterus, to assess the evolutionary changes
in the Otx2 enhancers in organizer tissues. Another unanswered
question regarding the evolutionary changes in Otx usage in
vertebrate organizer tissues is that the functions of Otx in organizer
tissues have not yet been evaluated in vertebrates other than mouse.Acknowledgments
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